Radiata pine (Pinus radiata D. Don) is the most important tree species in Chilean forest economy that was introduced to the country in 1892. Despite its economical end ecological relevance, no information about its genetic diversity is today available. Forty individuals of P. radiata, representing all populations in the Chilean radiata pine breeding program were genotyped with five microsatellite loci in order to determine genetic diversity and structure of Chilean plantations. The results of genetic diversity indicated that, after its introduction and mass planting, Chilean plantations of P. radiata has retained levels of genetic diversity similar to those of the natural populations of the species (H E = 0.87, A = 11.4). Genetic differentiation among populations (F ST = 0.04) was low, which means that the genetic variation present in radiata pine in Chile is partitioned among populations, indicating they are poorly differentiated. The structure analysis indicated the genetic base of the present plantations in Chile comes only from one provenance of the native populations. The genetic information provided important implications for the future breeding programs of P. radiata in Chile.
Introduction
Assessment of genetic variation in plant populations has many potential uses. Knowledge of genetic variation within a species can help plant breeders to collect and utilize different genetic resources and predict potential genetic gain in breeding programs (WU et al., 1999) . Reliable information on the distribution of genetic diversity is a prerequisite for sound selection, breeding and conservation programs for forest trees. It is assumed that genetic diversity is of prime importance for species persistence (FRANKEL, 1983; ALLENDORF and LEARY, 1986; GEBUREK, 1997) and is associated with the adaptive and evolutionary potential of populations (ENNOS et al., 1997) . Currently there is an urgent need to determine the adaptive potential of forest trees given their importance in ecosystem functioning and the associated ecological and economic services they provide. One important step to do this is by examining genetic diversity, with microsatellites being the marker of choice in the last years, because they provide useful information on historical demography and population evolution. Microsatellites are also a useful tool to determine adaptability of a species, because they allow estimating effective population size, which in turn reflects fitness and adaptability of a species to new environments (WANG, 2005) .
Pinus radiata (D. Don), the predominant plantation softwood species in the southern hemisphere, is native to the California coast (Año Nuevo, Monterey and Cambria) and two offshore islands (Guadalupe and Cedros). Owing to its rapid growth and favorable characteristics for timber production, the species has been widely introduced in Argentina, Australia, China, Spain, Great Britain, Ireland, Italy, New Zealand, South Africa, Turkey and Chile. In Chile radiata pine is the most important exotic forest species, being the most extensively planted conifer in the country (1.46 million ha), comprising 75 percent of the Chilean forest industry base and earning foreign currency on the order of US$ 5,000 millions in exports (INFOR, 2010) . The earliest records show radiata pine was introduced in Chile with only one consignment at least as early as 1890 (LEWIS and FERGUSON, 1993; CAMUS, 2006) , however, information about where the species come from its native range is no available. Also no new introductions until the beginning of genetic improvement programs in the 1980s are registered. At present the species has gone through two generations of selection and breeding for growth, stem form and wood quality traits (BURDON, 1978; FUNDACIÓN CHILE, 2005; MUÑOZ, 2008) , however, despite its economic importance in the country, only limited information is correctly available on the genetic diversity and the effects of the introduction, selection, breeding and subsequent mass plantings after two generations, over the maintenance or loss of its genetic diversity.
In natural and introduced populations of radiata pine moderate to high levels of genetic variability at isozyme, RAPD and microsatellite loci have been reported, with lowest values for isozyme (H E = 0.095, A = 1.56, F ST = 0.06) and highest values for microsatellites (H E = 0.78, A = 11, F ST = 0.14) (MORAN and BELL, 1987; MORAN et al., 1988; SMITH and DEVEY, 1994; ARAGONÉS et al., 1997; DEVEY et al., 2002; BELL et al., 2004; KARHU et al., 2006 order of 200-300 seed trees from a smaller part of the natural range of radiata pine (WU et al., 2007) , significant genetic gains for growth traits have been realized over two generations of selection and breeding (MATHE-SON et al., 1986; WU et al., 2007) (DEVEY et al., 2002; BELL et al., 2004; KARHU et al., 2006) . According to ADAMS (1981) and SZMIDT and MUONA (1985) the loss of genetic diversity in gymnosperms during the process of domestication has been relatively minor. In Chile use of genetic diversity in radiata pine focuses largely on genetic improvement programs, which have been aimed primarily to growth and from traits. In recent years wood traits have become relevant due to its impact on the forestry industry (BURDON, 1978; FUN-DACIÓN CHILE, 2005; MUÑOZ, 2008) . In the 1970's structured breeding programs commenced in the country and eventually the issue of the genetic base was raised. Currently only a limited study using RAPD markers (Random Amplified Polymorphic DNA) on four families reported levels of genetic diversity for the species (H T = 0.36, F ST = 0.04) (CAMPOS et al., 2001) . As the radiata pine breeding program in Chile advances to third generation selections, it is important to examine the level of genetic diversity in the breeding populations in order to determine whether there are high levels of genetic diversity to cope with future environmental changes and possible infusions to increase genetic diversity. For this, we used microsatellite markers to estimate the current level of genetic diversity in radiata pine plantations in Chile. Microsatellite markers exhibit codominance and are usually highly polymorphic, and thus, seem to be the ideal marker. Thus, the main goal of the study were (1) to ascertain the levels of genetic variation of radiata pine plantations in Chile, and (2) to determine the genetic differentiation across sites where the species is currently planted in the country.
Material and Methods

Genetic material
The material used in this study consisted of a subset of the first generation open-pollinated individuals of the radiata pine breeding program. Individuals were chosen to represent the most widely used in the Chilean breeding program. A total of 40 unrelated individuals, representing different families, were randomly selected from Forestal Celco S.A. and Forestal Mininco S.A. seed orchards. All trees in these seed orchards were selected for superior growth, stem form and volume, and were collected between 1976-1978 in five different sites in Central Chile. We used unimproved seeds stored since the 1970s, which means that individuals used here had not been selected for breeding purposes yet. One seedling per family was used, and families were grouped according to the area of location of plus trees in Eight Region Sandy Soils sites, Seventh Region Coastal sites, Eight Region Coastal sites and Other Areas of the Eight Region (Table 1, Figure 1 ).
DNA Extraction
For DNA extraction, seeds from 40 unrelated individuals were grown in the nursery for eight weeks under normal nursery conditions. The seeds were sown on 140 cm 3 pots filled with a mixture of composted bark of radiata pine and perlite (8:2 v), combined with the slowrelease fertilizer Basacote™ plus 6M. Nine to 14 individuals per plus trees-origin were randomly chosen and Genomic DNA was extracted from needles as described in DNeasy ® Plant Handbook (Qiagen).
PCR amplification for microsatellite markers
Five microsatellites that were previously used for DNA fingerprinting of P. radiata were used in this study ( Table 2 ). The five best microsatellites for fingerprinting were selected based on reliability of amplification, observed heterozygosity, allele frequencies, and low frequency of null alleles (DEVEY et al., 2002) . The standard PCR conditions were 20 ng template DNA in a 15-µL reaction consisting of 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 200 µM of each dNTP, 3.0 mM MgCl 2 , 0.27 µM of each primer, and 0.5 U Taq DNA polymerase. PCR was performed on a Termo ELECTRON CORPORATION Termal Cycler PX2 thermocycler, and the standard temperature profile was 2 min at 94°C and 30 cycles of 10 s at 94°C, 30 s at 55°C, 30 s at 72°C and a final extension of 5 min at 72°C. PCR products were visualized on silver-stained 6 % poly-acrylamide denaturing gels. The 
Within and between sites genetic variation
To estimate the genetic diversity within and between sites of growth (i.e. plus-trees origin), the individuals of P. radiata were grouped according to Table 1 . Genetic parameters estimated for each site of growth included total genetic diversity (H T ), the within sites diversity (H S ), the between sites diversity (F ST ), the proportion of total genetic diversity due to between-sites differences (F IS ), the observed and expected heterozygosity (H O , H E ), the average and effective number of alleles per locus (A, Ae). With information from H O and H E for each loci at each site the presence or absence of Hardy Weinberg equilibrium was established. All parameters were calculated using the GENEPOP (YEH and BOYLE, 1999) and Arlequin programs (EXCOFFIER et al., 2005) .
Structure analysis
The structure of populations was assessed using the cluster algorithm included in the software STRUCTURE (PRITCHARD and WEN, 2003) . Several different analyses assuming different number of clusters (K) were performed in order to assess how many of them explained best the data observed from microsatellites. The com- (DEVEY et al., 2002; BELL et al., 2004; KARHU et al., 2006) . Espinoza et. al.·Silvae Genetica (2012) parison between competing models (for a variable value of K) was assessed according to EVANO et al. (2005) , manually inspecting the probabilities for the individuals in the populations, and using the log-likelihood values of the models assuming different K.
Results
Genetic diversity
The measures of genetic diversity observed with five microsatellites in 40 unrelated individuals of the Chilean radiata pine plantations are presented in Table  3 . All five loci genotyped were polymorphic and variable in all populations of radiata pine in Chile. Nine to 15 alleles per locus were detected, with a total of 57 alleles across all populations and loci ( Table 3) . Locus Pr001 had the highest number of alleles (15), in the range of 158-186 bp. Allele frequencies for each of the markers used are presented in Table 4 . The highest allele frequency was observed for Other Areas of the Eight Region, where the allele 126 of locus Pr233 reach a value of 0.42, while the lowest frequency (i.e. 0.04) was found in several alleles for Pr001, Pr233 and Pr111 loci on site Eight Region Coast. Nineteen percent of the alleles found for the five loci were unique (i.e. alleles present on a site but absent in another), while 81% of the remaining alleles are common to all four sites. Three of the five loci had rare alleles (i.e. allele frequency less than 5 %), these were observed at Eight Region Coast. Sixty one percent of alleles were present at frequencies less than 25 % and the remaining (28 %) were present at frequencies less than 42 %. The distribution of alleles at some loci results in greater genetic discrimination than at others. For instance Pr001 has 15 alleles, but none at a frequency greater than 25 % for the four sites, whereas Pr111 has only 9 alleles, but just one (i.e., allele 115) contributed greater than 25 % of total frequency in the four sites. On the other hand, the pattern of allelic diversity calculated for each site indicated that the families on site Other Areas of the Eight Region had the lowest number of alleles (mean = 5.6), compared to Coastal Sites of the Eight and Seventh Regions and the Eight Region Sandy Soils Sites (i.e. average of 8.4, 8.4 and 8.0 alleles, respectively). Effective number of alleles per locus ranged from five to eleven. Observed heterozygosity (H O ) ranged from 0.78 to 0.89 with an average of 0.83. Expected heterozygosity (H E ) ranged from 0.81 to 0.92 with an average of 0.87. Table 3 shows the number of alleles, effective number of alleles, allele size, expected and observed heterozygosity for each microsatellite. In the four sites tested no deviation with regard to the proportions expected under Hardy-Weinberg equilibrium (data not shown) was observed.
Within and between sites genetic variation
In assessing the F-statistics between growth zones it was found that the total genetic diversity was 0.87 (H T ). The average inbreeding coefficients (corresponding to F IS ) was about 0.04, the within-sites diversity was high (H S = 0.82), while the genetic differentiation between sites was low (F ST = 0.04) ( Table 3 ).
Structure analysis
The structure analysis showed two clusters (K = 2) as the best choice for explaining the observed variability when using the Evano method. However one of the flaws of this method is that it is undefined for K = 1. Inspecting the posterior probabilities of clusters for each individual in the populations reveal that everyone of them show nearly equal probabilities of belonging to each of the two clusters. Inspecting the log Prob(X|K) reveal that for K=1 the mean log-likelihood was equal to -849.3 (SD = 0.74) whereas for K = 2 was equal to -852.0 (SD = 3.71). These results suggest that a single cluster best explained the data.
Discussion
As far as we know this is the first study looking at genetic diversity of Chilean P. radiata plantations using microsatellite markers. An earlier publication characterized genetic diversity in Chilean families of P. radiata, and showed that they had a high level of variation (CAM-POS, 2001), however, and despite 100 RAPDs primers were analyzed, only four families were used to represent the Chilean plantations. Individuals used in our study represents the current geographical distribution of this species in Chile (see Figure 1) , so that, the current genetic base of breeding programs for P. radiata in Chile is clear. With microsatellite loci the estimated level of genetic diversity in the base breeding population of radiata pine in Chile is more than eight times that from isozyme loci (MORAN and BELL, 1987) . As was mentioned before, one of the characteristics to select the five microsatellites developed by DEVEY et al. (2002) was the absence of null alleles. In our study, all five markers were in HardyWeinberg equilibrium and only 17 homozygotes were found between all the 400 genotypes analyzed (data no shown), so there is indeed a low probability of nulls alleles in the populations analyzed. Although radiata pine has been traditionally considered to have low levels of diversity (MORAN et al., 1988; DEVEY et al., 2002; BELL et al., 2004; KARKU et al., 2006) , values of genetic diversity reported here are superior to those found in annual plants, herbaceous perennials and woody perennials (i.e. H E = 0.09-0.14, A = 1.45-1.74) (HAMRICK et al., 2002) , which means that pines are among the most genetically variable of all species. In the case of P. radiata, native populations of Guadalupe Island, despite having less than 400 trees in total, it maintain diversity levels similar to those found in Cambria, Monterrey and Año Nuevo populations, with over 1,000,000 trees (MORAN et al., 1988; ROGERS, 2002; KARHU et al., 2006; ROGERS et al., 2006) , which confirms high genetic diversity levels of the species.
Microsatellite markers allow this study to estimate the genetic diversity in the Chilean plantations of P. radiata and, despite the limited number of individuals and loci analyzed, coherent results were obtained with those reported by breeding programs of P. radiata in Australia (DEVEY et al., 2002; BELL et al., 2004) and in native populations (KARKU et al., 2006) . Analysis of microsatellite variation in native P. radiata populations reveals that H E was in the 0.68-0.77 range, A between 6.7-10 and F ST between 0.06-0.22 (KARKU et al., 2006) , while for Chilean plantations, values reported here were H E = 0.81-0.92, A = 9-15 and F ST = 0.02-0.07 ( Table 3 ), indicating that in the process of introduction and subsequent adaptation to local conditions in Chile, P. radiata has retained levels of genetic diversity similar to those of the natural populations of the species. This suggests that in Chile the 1890 P. radiata introduction contained a high proportion of genetic diversity registered in natural populations. According to CAMUS (2006) , in 1891 20,000 plants of P. radiata were planted in the Eighth Region, which clearly contained a high genetic diversity that was conserved during the process of introduction and subsequent domestication to become a landrace. Results from the structure analysis suggests that for K = 2 the clustering was more uncertain. For these reasons, we estimate that the most likely number of clusters appearing in the population was equal to 1, which is in line to what is expected from introductions records of P. radiata in Chile. There was one major source of original importation registered at about 1890 (CAMUS, 2006) , and despite there is no information about the native provenance from where the seed come from, this was sufficient to provide the genetic variation successfully utilized for the economically significant genetic gain achieved in 30 y of breeding. In Australia, second generation clones of breeding programs maintained genetic diversity similar to the natural populations (BELL et al., 2004) . This allows to speculate that advanced generations families in Chilean breeding programs maintain genetic diversity levels similar to those reported in this study (individuals used in this study had not been selected for breeding purposes yet). On the other hand, in Australia and New Zealand, the genetic base of the present plantations has been shown to be from only Año Nuevo and Monterey, the two best-adapted of the five Espinoza et. al.·Silvae Genetica (2012) [221] [222] [223] [224] [225] [226] [227] [228] natural populations (MORAN and BELL, 1987; BURDON, 1992) . This could be explained because two large importations of seed were registered (WU et al., 2007) . The earliest records show radiata pine was first introduced in Australia in 1857, and twenty years later, a second consignment (i.e. 11 kg in 1876), arrive to the country and probably came from a large number of trees.
The population demography of radiata pine is quite different from many other pines. Early genetic studies of natural populations of P. radiata using protein electrophoresis (MORAN et al., 1988) have shown that overall genetic diversity in this species is lower than in many other conifers (H T = 0.11) and genetic differentiation between populations is higher (F ST = 0.16). Usually the proportion of total genetic diversity found among populations of wind-pollinated conifers is less than 10 % and often less than 5 % (LEDIG, 1998), which means that over 90 % of the total variation is within populations. In this study, 83 % of the variation was found within the four analyzed sites (H S ). We reported an overall F ST value of 0.04, which indicates that 4 % of the genetic variation present in radiata pine in Chile is partitioned among sites, indicating they are poorly differentiated. Most forest tree species have estimated F ST between 0.01 to 0.17 (DELGADO et al., 2002) , which suggests extensive gene flow (SLAVOV et al., 2004) . This pattern of genetic structure is common in conifers with large distributional ranges (e.g., GAPARE et al., 2005) and it is in agreement with other studies that used molecular markers for radiata pine (ARREGUI et al., 1999; VOGL et al., 2002) and other conifers (HAMRICK et al., 1992) .
The level of microevolutionary divergence among populations is influenced by the opposite effects of migration, which tends to homogenize the population, and genetic drift or mutation, which leads to differentiation of populations (HARTL and CLARK 1989; WHITE et al., 2007) . In this sense, it can be argued that since the introduction of P. radiata in Chile in the Eight Region (i.e. city of Concepción) there was a high seed movement into other growth areas of central Chile, given the rapid growth of the species, the low intensity of selection and low restriction to seed transfer between different areas (CAMUS, 2006) . This could have possibly increased gene flow and contributed to the maintenance of genetic diversity and low differentiation among sites. In addition, it is likely that the intensity of natural selection experienced in the first generations after planting in 1891, has been low and has not altered allele frequencies, since it was introduced in a coastal area with soil and climatic characteristics similar to the species' natural range (i.e. Eighth Region Coastal Sites) (BURNS and HONKALA, 1990; SANTIBAÑEZ and URIBE, 1993; GERDING and SCHLATTER, 1995; FLORES and ALLEN, 2004; Huber and TRECAMAN, 2004) . One way plants will respond to changes in environmental conditions is through environmentally induced shifts in phenotype, i.e. phenotypic plasticity (the ability of a genotype to alter its morphology and physiology in response to changes in the environmental conditions) (BRADSHAW, 1965; SCHLICHTING, 1986; SULTAN, 1987; NICOTRA et al., 2010) , which allows species to grow in a range of environments (CORCUERA et al., 2010) . found that P. radiata plantations in Chile, despite a lack of neutral genetic divergence, show evidence of local adaptation. Given the history of its introduction in Chile and the rapid expansion following introduction, once established in new environments, new Radiata pine plantations experienced different selection pressures, resulting in adaptation to new conditions.
